24 The visual photopigment protein rhodopsin (Rh) is a typical G protein-coupled receptor 25 (GPCR) that initiates the phototransduction cascade in retinal disk membrane of 26 rod-photoreceptor cells. Rh molecule has a tendency to form dimer, and the dimer tends 27 to form rows, which is suggested to heighten phototransduction efficiency in 28 single-photon regime. In addition, the dimerization confers Rh an affinity for lipid raft, 29 i.e. raftophilicity. However, the mechanism by which Rh-dimer raftophilicity 30 contributes to the organization of the higher order structure remains unknown. In this 31 study, we performed coarse-grained molecular dynamics simulations of a disk 32 membrane model containing unsaturated lipids, saturated lipids with cholesterol, and 33 Rh-dimers. We described the Rh-dimers by two-dimensional particle populations where 34 the palmitoyl moieties of each Rh exhibits raftophilicity. We simulated the structuring 35 of Rh in a disk for two types of Rh-dimer, i.e., the most and second most stable Rh 36 dimers, which exposes the raftophilic regions at the dimerization-interface (H1/H8 37 dimer) and two edges away from the interface (H4/H5 dimer), respectively. Our 38 simulations revealed that only the H1/H8 dimer could form a row structure. A small 39 number of raftophilic lipids recruited to and intercalated in a narrow space between 40 H1/H8 dimers stabilize the side-by-side interaction between dimers in a row. Our results 41 implicate that the nano-sized lipid raft domains act as a "glue" to organize the long row 42 structures of Rh-dimers. 43 44 INTRODUCTION 45 The visual pigment rhodopsin (Rh) initiates the phototransduction cascade in vertebrate 46 disk membranes of rod photoreceptor cells. Rh is a prototypical seven-transmembrane 47 G protein-coupled receptor (GPCR) and is highly concentrated in the disk membrane, 48 occupying approximately 30% of the total disk membrane area [1,2].
We note that the results presented in this paper were independent of the detailed shape 146 of the 2-D model of Rh-dimers and were qualitatively unchanged.
147
The structures and physical properties of the unsaturated and saturated lipids 148 in the 2-D model were as described. Both types of lipids were assumed as circular 149 particles. The radii of the circular particles were assumed as those when lipids are 150 approximated as cylinders (Fig 1d) . No specific attractive interactions were assumed 151 among the lipids. Notably, disk membranes are known to contain sufficient 152 concentrations of the cholesterol (11 molar %) compared to that of saturated lipids and 153 the frequent interactions of cholesterols with saturated lipids are expected to make the 154 saturated lipids rigid and raftophilic compared to that of unsaturated lipids [1] .
155 Therefore, we assumed the cholesterols were always associated with saturated lipids 156 and the lipids were always more rigid than unsaturated lipids. These assumptions 157 resulted in the saturated lipid membranes being more rigid and less elastic than that of 158 unsaturated lipid membranes, which is consistent with experimental findings [23] .
159 Furthermore, as mentioned below, the simulations under these assumptions 160 demonstrated the following results, i) the diffusion of saturated lipids was slower than 161 that of unsaturated lipids and ii) the saturated lipid domains that may correspond to the 162 ordered lipid raft domains appeared through the phase separation between saturated and 163 unsaturated lipids (see the "Parameters for simulations" section in the Results). These 164 results were consistent with previously reported experimental findings [21, 24, 25] .
165
Additionally, two H8 helices located near the center of the H1/H8 dimer and 166 near the edges of the H4/H5 dimer were expected to be partially raftophilic since acyl 167 chains in H8 are known to be palmitoylated [4, 12, 26] . Therefore, in the models of these 168 dimers, we assumed an affinity between saturated lipids and the tip of H8 (yellow 169 particles in Fig 1c) , except for some modified models as detailed below. 170 171 Model implementation 172 In the model used in this study, we described the central region of the disk membrane to 173 consist of Rh and two types of lipids using 2-D particles moving on a 2-D plane. Since 174 the lipids and Rh would be subjected to water and lipids in the opposing monolayer of 175 the membrane, we assumed that the motion of each particle, the lipids, or parts of Rh 176 obeyed overdamped Langevin equation, as follows:
178 where was the position of the -th particle and indicated potential of = ( , ) 179 forces working on particles. The and indicated the coefficient of drag force ( ) 180 and the random force working on -th particle by water and lipids in the opposite 181 monolayer, respectively. The term was given as Gaussian white noise and ( ) 182 satisfied , and where was the
183 Boltzmann constant, was the temperature, indicated the Kronecker delta, and 184 indicated the Dirac delta function. ()
185
The first term of the right-hand side of equation (1) indicated interactions 186 among particles provided by the potential of the system according to the following 187 equation:
189 where was the potential of the excluded volume effects among the particles,
The potential of the excluded volume effects among particles ( ) was 194 denoted by the following:
where was the elastic constant when the -th and -th particles contacted = 197 each other, indicated the nondimensional parameter of rigidity of the -th particle, 198 indicated the radius of the -th particle, and was the Heaviside step function 199 defined by the following:
We assumed depended on the type of particles, where of saturated 202 lipids was assumed to be appropriately larger than those of unsaturated lipids. In this 203 case, the lipid type-dependent diffusion constant and the saturated-unsaturated lipid 204 phase separations were consistently obtained based on recent experiments as described 205 below in the Results section and as previously described [21,24,25]. The variables ℎ 206 and were the radii of cylinders, which approximated an alpha-helix of Rh and the 207 lipids in the disk membrane, respectively. We assumed when the -th particle = ℎ 208 was a component of Rh and when the -th particle was a lipid. The term = ∑ 209 indicated the sum of the -th and -th particles that did not belong to the same 210 Rh-dimer.
211
The interaction potential among the particles forming Rh-dimers was defined 212 as , and was calculated as follows:
Where was the distance between the -th and -th particles of the basic 2-D ℎ 215 Rh-dimer structure (S1 Fig and S1 and S2 Tables) and was the elastic constant for 216 sustaining the shape of the basic structure of each Rh-dimer. The in this equation ∑ 217 indicated the sum of the -th and -th particles that belonged to the same Rh-dimer and 218 that were in close proximity to each other (S1 Fig) .
219
The interaction potential among the palmitoylated H8s of the Rh dimers and 220 the saturated lipids was indicated as and was calculated as follows:
where indicated the affinity between a palmitoylated H8 and a saturated lipid. 
236
The parameters for the excluded volume effect of each particle ( and ) 237 were assumed according to , for unsaturated lipids, / = 7.5 ( -2 ) = 1.5 for saturated lipids, and for particles in Rh. To sufficiently sustain the = 4 = 9
239 Rh-dimer structure, we assigned . The drag coefficient
240 was assumed at . In the current model, was expected to be relatively large = 6 241 compared to cytoplasm as we did not know the precise value from previous experiments 242 because of the influences of the lipids at the opposing lipid bilayer. Thus, we assumed Table) . The diffusion coefficients were consistent with those 252 observed in recent in vitro experiments using artificial model membranes [11, 13, 28, 29] .
253
The parameter used to estimate the affinity between the particle at H8 of the 
269
(8) 
H1/H8 dimers could form row structures of Rh-dimers by
284 their raftophilicities 285 The model simulations of disk membrane containing H1/H8 dimers were performed in 286 the current study. We assumed all molecules were randomly distributed under the initial 287 conditions (Fig 2a) . Snapshots of the simulations after extended periods of time from 289 structures of Rh-dimers (Fig 2b) , consistent with findings observed in AFM and 290 cryo-electron tomography [15] [16] [17] [18] . On the other hand, no Rh-dimer row structures were 291 observed in models using raftophobic dimers (Fig 2c) , where Raftophobic H1/H8 292 dimers indicates H1/H8 dimers but assumed . According to the measurement = 0 293 of and their averages over 10 simulations ( ), the model using H1/H8 dimers ( ) 〈 ( )〉 294 exhibited larger and values and greater averages after extended time from ( ) 〈 ( )〉 295 the initial conditions compared to those using raftophobic dimers (Fig 3) . 359 As far as we know, the present study was the first to provide a scenario to explain the 360 mechanism of formation and stabilization of row structure by Rh-dimers in the disk 361 membrane.
362
Recent experimental evidence have suggested that more than 70% of Rh is in 363 dimeric or higher oligomeric state(s) existing in a dynamic equilibrium [13, 18, 19] .
364 Based on these findings and our current results, the H1/H8 dimer forms transient row 365 structure through lipid raft-based interaction between the dimers, which appears 366 consistent with results from recent studies [13, 31, 32] . In addition, we found that the 367 nano-sized domains of saturated lipids with cholesterols (raftophilic lipids, i.e., lipid 368 rafts) were also key factors in forming Rh-dimer row structures with H1/H8 dimers.
369 Such domains acted as "glue" to connect two raftophilic H8 regions of two Rh-dimers 370 to construct the row structures.
371
In our model, the saturated lipids were assumed to always associate with 372 cholesterols, which allowed the saturated lipids to take rigid structures compared to that 373 of unsaturated lipids. As a result of this assumption, the lipid raft could form by phase 374 separation between saturated and unsaturated lipids. Our simulation strongly suggested 375 that lipid raft formation was essential for the formation of the row of Rh dimes, but did 376 not suggest much about the molecular mechanism of lipid raft formation. For example, 377 weak affinities only among saturated phospholipids could likely confer a similar affect 378 as cholesterol.
379
In this study, we carefully chose the parameters of the model. However, we 
